Abstract. In lightweight structural systems there is increasing evidence that the presence of humans influences the dynamics characteristics of the system. In the past, most effort on determining the footfall-induced vertical force to the walking surface has been conducted using rigid or non-flexible surfaces such as treadmills. However, should the walking surface be vibrating, the characteristics of human walking could change to maximize comfort. This interaction between the structure and human may account for the discrepancy between the levels of vibration predicted by theory and those observed in practice. Indeed, many design rules can be seen to be conservative, perhaps partly because knowledge of this human-structure interaction is limited. This work aims to address this problem by quantifying the magnitude of human-structure interaction through a comprehensive experimental programme. Novel experimental techniques are used to measure the human-imparted force on the walking surface. Both rigid and flexible (vibrating) surfaces are used, and we measure the imparted vibration response on a lively footbridge (the Warwick Bridge) which acts as the flexible surface. A range of test subjects is considered, walking at a range of pacing frequencies. Comparison is made between a notional vibration response from the footfall force imparted to the rigid surface and the actual vibration response caused by the footfall force imparted to the flexible surface. Key aspects of the experimental regime are also explained. Finally, some comparisons are made using footfall force models from the literature. It is concluded that human-structure interaction is a key phenomenon that should be taken into account in the design and assessment of vibration-sensitive structures.
Introduction
Many newly built structures have difficulties satisfying vibration serviceability criteria when occupied and dynamically excited by humans, such as footbridges, grandstands, staircases and open-plan floors [1] . The problems have been caused typically by human occupants performing normal daily activities such as walking, running, jumping, bouncing/bobbing and dancing. Vibration beyond the normal range will influence pedestrian comfort while occupying the structure. As a classic example, the London Millennium Bridge in 2000 was temporarily closed following excessive pedestrianinduced vibrations during its inauguration [2] .
There have been numerous attempts to provide reliable and practical descriptions of pedestrian-induced forces by measuring the contact forces, or ground reaction forces (GRFs), between the ground and pedestrian [3] , [4] . Present state-of-the-art GRF measurement facilities typically comprise equipment for direct force measurements, such as a force plate and an instrumented treadmill usually mounted on rigid laboratory floors. However, a change in GRFs could occur due to the structure flexibility. For example, Ohlsson [5] found that the force measured on a flexible timber floor is different from that measured on a rigid base, and Pavic et al. [6] pointed out that the force obtained on a flexible concrete beam was two times lower than that on a force plate. It has been demonstrated recently that using GRF measurements to directly calculate structural response under walking humans is justifiable in the case of civil engineering structures which do not vibrate perceptibly [7] .
The human body is a very sensitive vibration receiver characterized by an innate ability to adapt quickly to almost any type and level of vibration which normally occurs in nature [8] . Moreover, this effective selfadapting mechanism triggers pedestrians to change walking behaviour, and hence GRFs [9] . This leads to force patterns different from the corresponding rigidground measurements [10] . This interdependency between the movement of pedestrians and the vibration response of the structure, whose motion is perceived, is usually referred to as human-structure interaction (HSI). However, as noted by [11] , human-structure interaction is only one aspect of a more complex phenomenon influencing human-induced forces. Indeed, HSI is associated not only with the forces that excite the structure, but also with the corresponding influence of humans on the dynamic properties of the structure they occupy (i.e. modal mass, damping and stiffness) [12] , [13] .
The present work aims to experimentally capture the difference between vibration response caused by GRFs measured from rigid and flexible surfaces. It also aims to establish the inaccuracies in modelling vibration response, and the response predictions of the current state-of-the-art. The initial results of the measured and analytical modelling are given. Figure 1 schematically illustrates an overview of the whole experimental programme to investigate HSI phenomenon. Two types of test are carried out in order to quantify HSI. First, GRFs on a rigid surface (RS) are measured. Then, GRFs are measured from walking on a vibrating bridge surface (BS) and the vibration response concurrently measured. Hypothetical vibration responses are also inferred from the RS-measured GRFs using a modal model of the bridge. The comparison of the vibration response obtained from GRFs on RS and BS can reflect the influence of the vibrating bridge surface on the walking process. Also, comparing measure vibration responses from real bridge to those recommended in the literature can show the accuracy of the state-of-the art. Going a step farther, comparing vibration response from GRFs on BS using the analytical model to those of measured from the real bridge can result in a good estimation of bridge frequency and damping change due to the pedestrian. In fact, in this paper, the influence of the pedestrian on the bridge frequency and damping are considered. 
Experimental programme

Bridge properties, free decay vibration, and trials
All the tests were carried out on the steel-concrete composite laboratory footbridge in Warwick University, UK. The bridge is a unique laboratory structure that exhibits excessive vibration in the vertical direction making it an ideal facility for studying HSI (Figure 2 ). The span length of the bridge is adjustable and the tested span is 16.2 m long and 2 m wide. Mass per unit length of the bridge is 760 kg/m. Bridge damping and frequency are determined using free vibration decay as will be described later.
To test HSI at resonance, the pacing frequency (f p ) is set to 145 beats/min (2.4 Hz), which is very close to the bridge natural frequency (f b ). Trials were also carried out at 73 beats/min (1.2 Hz), which is near to half pacing frequency (second walking force harmonic in resonance). These tests can investigate the influence of human force harmonics on bridge vibration response. To investiagte HSI when walking does not excite bridge resonance, a pacing frequency of 127 beats/min (2.1 Hz) is tested as well.
Figure 2 The Warwick bridge.
Three test subjects who participated in the experimental tests are considered in this paper. They have weights of 646 N, 793 N, 968 N and are denoted as TS1, TS2, and TS3, respectively. The walking trials were repeated for all three pacing frequencies mentioned above. Each pedestrian also performed a trial at a personally preferred walking frequency, termed 'natural' walking pacing frequency. In the experiments, each pacing frequency for each test subject had at least five trials because data acquisition during some trials was problematic. Therefore, the useable trials are four for each pacing frequency and used as the sample data.
In each trial, the test subject walked a circuit including the rigid surface (RS) and bridge surface (BS). On both the two surfaces, the walking lengths were the same. After a sound signal, the pedestrian started to walk. A metronome was used during the walking so that pedestrian could at the desired pacing frequency. The means of collecting GRFs will be described later. The mid-span acceleration response of the bridge for a test subject with pacing frequency of 145 beats/min (2.4 Hz) is shown in Figure 3 . Noise in the measured bridge acceleration data was removed by low-pass Butterworth filter, in which the cutoff frequency is 20 Hz. The corresponding filtered power spectrum density (PSD) of the acceleration signal in Figure 4 reveals that most of the response energy is concentrated at the first forcing harmonic and at the first vibration mode. So, only first harmonic of the force and first vibration mode of the bridge is considered in the subsequent analytical modelling. As expected, the bridge was extremely lively in this test, with peak acceleration level almost reaching 1.5 m/s 2 . The first natural frequency is about 2.38 Hz.
Figure 4 Filtered PSD of the acceleration response at mid-span
To determine the damping (ξ) of the bridge from free decay vibration, an exponential decay curve is leastsquares fit to a moving window of 5 peaks. ( Figure 5 ). As is common, it is seen that the damping ratio increases with increase in the vibration amplitude. This is because of more sources of energy dissipation at higher vibration amplitudes. Nevertheless, the maximum achieved value of the damping ratio is still quite low, which ensures the lively behaviour of the structure necessary for the interaction studies. Finally, a curve is fit (as show in Figure 5 ) to approximate the relationship between damping and amplitude. The natural frequency was also extracted from the free vibration decay response by analyzing frequency of each cycle during a full vibration signal. Figure 6 shows that the natural frequency decreases with increasing vibration amplitude, and again an approximating fitted curve is shown. 
Force data acquisition and processing
To measure GRFs, Tekscan in-shoe foot pressure sensors are used. These provide dynamic pressure, force and timing information for foot function and gait analysis. An example of the resulting force signal as well as pressure distribution on each foot obtained from the TekScan FScan system is shown in Figure 7 .
The TekScan F-Scan software supports five methods for calibrating sensors: point calibration, step calibration, walk calibration, frame calibration and two-point calibration. All of these methods were trialled for accuracy using a force plate before the full experiment trials were conducted. Of most interest, step calibration and walk calibration use the known subject's weight to adjust the calibration factor. Following the trials, a walk calibration was found to give higher accuracy compared to step calibration using the same factors. There are some potential sources of error when using TekScan. Most notably, due to degradation of the sensor, drift of the sensor output can occur over time. To account for this, calibration of the sensor is carried out for each trial using the known subject weight and rigid surface walk force-time history. Thus, each trial has its own calibration factor. Additionally, the sensors can deteriorate so that rows or columns of the 'sensels' no longer export forces, and in these cases the walk calibration approach may not be succesful. Figure 8 shows a sample of the calibration factor (indicated by "saturation pressure") for TS1 for pacing frequency of 145 beats/min. It can be seen that the accuracy of trials is reasonably reliable because the saturation pressures of the trials carried out of a period of about 4-5 hours are similar. Finally, it is also necessary to zero the sensor output. Indeed, when one foot is supporting the body weight during walking, the force of the foot should be zero. However, because the foot sensors are pre-tensioned to the sole of the foot by shoe-lacing, the output of sensors isn't be zero when foot isn't touching the ground. Hence it is necessary to zero the force output for each trial during a swing phase.
Analytical model
The modal analysis model used is shown in Figure 9 . The pedestrian is modelled as a moving force with constant velocity and the bridge is modelled as a simply supported beam in the modal space considering only the first mode of the vibration. The exact average velocity of the test subjects during each trial is used and found by dividing the bridge length by test subject crossing time. The moving force could be either a harmonic force given in the literature or force signal measured during the experiment on the RS or BS:
where P w is subject's weight; n is number of harmonics;
and k K and k M are the dynamic load factor (DLF) and phase angle, respectively. 
in which G is Dirac delta function; x and v are pedestrian location and velocity; and b m and L are mass per unit length and length of the bridge. The modal vibration response of the bridge is obtained using Newmark-E integration. Finally, the vibration response of the bridge in physical coordinates at any location can be calculated:
is the mode shape of mode j which is assumed as that of a perfectly simply-supported beam:
In this paper, only the first mode of the bridge is considered and also phase angle is taken to be zero since for each trial the subjected started from a standing start two paces or so back from the bridge support. Also, for comparing results with what could considered to be a state-of-the art vibration prediction approach, the first of Young's DLFs [4] which is a function of pacing frequency is used. Figure 10 shows an example of vibration response using both the recorded RS GRFs and BS GRFs at the mid-span of the bridge. From these results it is clear that HSI leads to the reduction of contact force between pedestrian and bridge.
Figure 10
An example of analytical bridge vibration response due to RS and BS GRFs.
Results
As discussed earlier, the damping and frequency of the bridge for each test subject and pacing frequency is obtained from the free decay vibration response analysis. A summary of the bridge frequency and damping for each test subject and pacing frequency obtained from free vibration response is given in Table 1 and are used later. It is clear to see the influence of the test subject and pacing frequency on the bridge properties, most notably the damping.
Since frequency and damping of the bridge change during each pedestrian walking and pacing frequency, the values obtained for each test subject in Table 1 are used as bridge properties in analytical model to have a reasonable estimation of the vibration responses. The measured accelerations are filtered by low pass Butterworth filter, in which the cut-off frequency is 5 Hz. Figure 11 illustrates the mid-span measured acceleration and that of the analytical model subjected to BS GRFs. The experimental accelerations are found to typically be smaller than those predicted by the analytical model, even though using the measured induced force to the bridge surface. This indicates the influence of the pedestrian on the bridge properties and response which cannot be captured by the analytical model (moving force only). The difference between the analytical prediction and measured acceleration becomes more and more obvious when the response amplitude increases. This is most probably caused by an increase in the bridge damping ratio due to the presence of the walking pedestrian, and is more pronounced with increasing amplitude of vibration. The maximum value of measured acceleration commonly occurs earlier than that of the simulation value, which can be explained by the influence of the pedestrian on the damping of bridge. Figure 11 Measured mid-span acceleration and that of the analytical model using the BS GRFs.
Maximum mid-span accelerations (a max ) for measured data, simulated accelerations due to GRFs on BS, as well as the average of simulated-to-measured maxim acceleration ratio are given in Tables 2, 3 , and 4 for each test subject using the bridge frequencies and damping values given in Table 1 . In addition, the analytical vibration response obtained for each test subject using the DLFs of Young [4] are also given as a representative example of state-of-the-art prediction. In these tables, the average ration between the simulated and measured accelerations is given.
From the results, there is a noticeable difference between the simulated and measured values especially when the pacing frequency is 2.4 Hz. This must be due to some change in the bridge-pedestrian system dynamic properties during the traverse, since the mode shape and mass are well-known. Also, the results using Young's DLFs show that while it overestimates vibration responses at pacing frequencies corresponding to 1.2 Hz and 2.1 Hz, the vibration response at resonance can be underestimated. To investigate what the bridge properties may be during the traverse, following O'Sullivan et al's study [14] , the damping ratios are changed such that the simulated accelerations and measured accelerations have a good match. Table 5 presents the bridge frequency and damping results for pacing frequency of 2.4 Hz when a good match between two types of the response is reached. It shows that bridge damping becomes 2 to 3 times the empty bridge during resonance and that there is a large change in damping. Also, the bridge frequency undergoes a slight change, most probably due to the small pedestrian-to-bridge mass ratio. 
Discussion
The results presented above strongly indicate that humanstructure interaction is likely to be a significant source of error between the predictions of current analytical models and the measured accelerations. Interestingly, while it is sometimes found that the analytical approach using Young's DLFs gives a higher acceleration response (conservative), it can also give a lower response (nonconservative). The level of conservatism is highest for a resonant pacing frequency.
It is instructive that the comparison between the simulated response using the measured imparted force, and the actual vibration response is often significantly different, especially at resonance. Since the force is the same this points to a lack of accuracy in the analytical model. However, since the mode shape and bridge mass are well known, it then follows that it is the bridge frequency and damping that is altering during the event. Indeed, to get a better match is found that the bridge damping most particularly needs to be changed by a significant amount, doubling or even tripling.
Conclusions
In this paper, an attempt is made to quantify HSI phenomenon using a novel experimental and analytical approach. It is found that human-structure dynamic interaction is associated both with the forces that excite the structure and with the corresponding influence of humans on the dynamic properties of the structure they occupy. Most notably, the bridge damping ratio increases with the increase of pacing frequency so that apparent value of damping becomes 2 to 3 times during resonance. When properly quantified, this finding could indicate a means of accounting for human-structure interaction by incorporating rules into codes of practice that account for changing modal properties during loading events.
